Cucumber plants (Cucumis sativus L.), grown at low quantum flux density (120-150 microeinsteins per square meter per second) were photoinhibited by a three-hour exposure in air to ten times the light intensity experienced during growth. Chloroplasts were isolated from photoinhibited and control leaves and the following activities determined: 02 evolution in the presence of ferricyanide, photosystem I activity, noncycic and cyclic photophosphorylation, and light-induced proton uptake. Chlorophyll and chloroplast absorbance spectra, and chloroplast fluorescence were also measured. It was found that photosystem II electron transport and noncyclic photophosphorylation were inhibited by about 50%, while cyclic photophosphorylation was less inhibited and photosystem I electron transport and Ught-induced proton uptake were unaffected. Electron transport to methylviologen could not be fully restored by electron donation to photosystem II. Chloroplast fluorescence induction at room temperature was strongly reduced following photoinhibition. There was no difference in the absorption spectra of the extracted chlorophylls from control and photoinhibited chloroplasts, but an increase of the absorption in the blue wavelength region was observed in the photoinhibited chloroplasts. It is suggested that high light stress does not result in alteration of the membrane properties, as is the case in low-temperature stress for example, but affects directly the photosynthetic reaction centers, primarily of photosystem II.
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It was reported earlier (18) that photoinhibition in plants that were adapted to growth at low light intensities could not be completely prevented by the presence of CO2 and/or 02. It was also shown that the photoinhibition in low light plants was essentially similar to the photoinhibition occurring in high light plants when exposed to high irradiances in the absence of CO2 (16) (17) (18) . The inhibition of photosynthesis in both cases was found to be due to a substantial decrease in the capacity for electron transport associated with PSII. Jones and Kok (8, 9) and Bjorkman (3) had previously proposed that photoinhibition was due to inactivation by light of the photosynthetic reaction centers, but direct evidence has been lacking. Electron ferred to the high light intensity. Results from these experiments are not included among the data presented here. The Chl a/b ratios of the isolated chloroplasts were not significantly affected by the treatment as is shown in Table IA . 02 evolution with FeCN as electron acceptor, electron transport from H20 to MV, cyclic and noncycic photophosphorylation were all inhibited substantially (Table I , B and C), but there was no decrease in PSI activity at all (Table IB) , confirming earlier results obtained with bean plants (18) . Electron transport and noncyclic photophosphorylation, when measured simultaneously, were inhibited to the same extent (data not shown). From these experiments ATP:2e ratios could be calculated and were found to be unaffected by photoinhibition treatment, ranging from 1.2 and 1.5 for chloroplasts from both control and photoinhibited leaves.
The time-course for inhibition of 02 evolution in the presence of FeCN (Fig. 2) showed a decline over 3 h ofhigh light treatment, while PSI electron transport remained largely unaffected. It was not possible to restore PSII mediated electron transport to MV by Cat or DPC in the chloroplasts from photoinhibited leaves to any significant extent (Table IB ). In the presence of DPC, inhibition appeared to be about 10%1o less than that observed for 02 evolution with ferricyanide. This was probably due to an increase of the PSII activity affected during the chloroplast isolation procedure, since a 10 to 15% increase in activity of control chloroplasts was also observed when DPC or Cat were present. Tris-(23) or NH40H-treated (14) chloroplasts from photoinhibited tissue showed a 30%Yo reduction in their DPC-and Cat-dependent electron transport activities compared to those from control leaves, suggesting different sites for photoinhibition and Tris-or NH4OH-inactivation. Chl fluorescence of the isolated chloroplasts from photoinhibited leaves was also significantly reduced after 3 h of photoinhibitory treatment. The results ofsome typical experiments are shown in Figures 3 and 4 . Under conditions where light intensity is not limiting electron transport rates, relative fluorescence yield is inversely related to electron transport (11) . This was also found for the control chloroplasts in this study, where fluorescence yield was very high when no electron acceptor was present (Fig. 3A) , appreciably reduced upon addition of MV ( 3B) and even further decreased by uncoupling (Fig. 3C) . These effects were not as pronounced in the chloroplasts from photoinhibited leaves but the total fluorescence yield was significantly decreased (Fig. 3, A-C) .
In Table II the results of several experiments are summarized. They indicate also a modified response of the chloroplasts from the photoinhibited leaves toward addition of electron acceptors and uncouplers, since the reduction in F. was not the same under all conditions. From these experiments it also appeared that the rate of the fluorescence rise was somewhat slower after pho- toinhibition. This was confirmed by results obtained from measurements of fluorescence yield at only 1% of the above light intensity, which are shown in Figure 4 . The rise to F,,n in the chloroplasts from photoinhibited leaves was considerably slower than in the chloroplasts from the control (Fig. 4A ). In the presence of DCMU (Fig. 4B) , however, the rates appeared to be much the same.
Whereas photophosphorylation, fluorescence yield, and electron transport from water to ferricyanide or methylviologen were considerably decreased after photoinhibition, the extent of the light-induced proton uptake was not affected at all (Table ID) . The absorption spectra of the Chl extracted from isolated chloroplasts that showed about 50% inhibition of 02 evolution were not different from those of the controls (Fig. 5A) . The chloroplasts themselves from photoinhibited leaves were found to have an increased absorption in the blue region of the spectrum (Fig. SB) .
DISCUSSION
From the results presented in this paper it appears that photoinhibition indeed affects directly the photochemical reaction centers of PSII, as has been postulated before (3, 8, 9) . The results confirm the previous observation (18) that, following photoinhibition treatment of higher plant leaves, electron transport associated with PSII is significantly decreased, while PSI-related electron transport remains unaffected. It was reported for Rhodospirillum rubrum chromatophores, that photoinhibition in vitro did not affect the coupling factor (CF1) (19 (12) . This may be more difficult to achieve in chloroplasts from plants grown at low quantum flux densities, because, in those, light energy is preferredly distributed to PSII and PSI activity comparatively low. It was reported recently that in chloroplasts from Pinus grown in the dark or in yellow light, which had very little or no PSII activity, cyclic photophosphorylation was greatly enhanced in the presence of reduced PMS as compared to oxidized PMS (22) . It is quite possible that in the chloroplasts from low light-adapted, photoinhibited leaves a similar restriction with regard to cyclic photophosphorylation was observed. This does not explain the results obtained when cyclic photophosphorylation was measured in the presence of DCMU and presently this question is under further investigation.
That these effects could not be due to changes in the permeability properties of the thylakoid membranes is strongly suggested by the fact that the light-induced proton uptake was not changed. It is assumed here that net proton uptake measured in the absence of ATP-synthesis (i.e. amount of leakiness to protons) provides an indication of the degree of physical damage to the membrane due to stress. Indirect evidence supporting this view is provided by the finding that the isolated chloroplasts were always very tightly coupled; e.g. 10-to 15-fold stimulation of Hill reaction rates by addition of NH4Cl was routinely observed for all chloroplast preparations from both control and photoinhibited tissue. The unchanged ATP:2e ratios corroborated this notion. Similar results were obtained by Gross et al. (7) , who reported that low salttreated chloroplasts had drastically reduced electron transport rates but showed unchanged light-induced proton uptake. It has been found that isolated chloroplasts, which at 6 C had only 50%o of the electron transport activity as compared to 23 C, showed no change in the extent of the light-induced proton uptake (C. Critchley, R. M. Smillie, in preparation). The decrease in chloroplast fluorescence also indicates that PSII is impaired, since at room temperature all the fluorescence is derived from Chl associated with PSII only (4). Lesions on either side of PSII lead to a reduced output of variable fluorescence (15) . Furthermore, photoinhibition has been shown to decrease considerably the 683 nm fluorescence emission at 77 K, characteristic of PSII, in thylakoids from bean leaflets exposed to high irradiances in the absence of CO2 and 02 (17) .
Chloroplast aging is also accompanied by a concomitant decrease in fluorescence and PSII mediated electron transport (6) . Chilling injury in photosynthetic tissue too has been found to manifest itself in severe damage of electron transport capacity associated with PSII and a concomitant reduction in the induction rates and total yield of Chl fluorescence (20, 21) . While in both systems the damage could be compensated for by addition of electron donors to PSII (2, 21) , photoinhibition effects could not be alleviated by bypassing the water splitting apparatus. The results presented here are therefore consistent with the view that electron donation to PSII is impaired after photoinhibition. The sensitive site does not appear to be the water splitting complex itself, but must be located much closer to the reaction center and behind the site for entrance of electrons from PSII donors.
The chloroplasts themselves appear not to have changed significantly in their spectral characteristics, although this possibility cannot be completely ruled out on the basis of simple absorption spectra obtained from the acetone extracts. What seems possible, however, is that the imposed light stress had an effect on the molecular arrangement or orientation of the Chl within the photosynthetic units, and thus caused the observed increased absorption in the blue region of the spectrum. A similar increase in chloroplast absorption in the blue region was observed upon cooling chloroplasts in vitro and was attributed to changes in Chl aggregation (5) . An effect on the associated carotenoids, which absorb in this region and have been found to play a protective role in photo-oxidation of Chl (10), can not be excluded. Further investigations into these possibilities are in progress.
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